Tremor was measured from the index finger during low force, position holding in 18 control subjects and 18 battery workers with low level exposure to mercury. All workers were asymptomatic on clinical neurological examination. No differences were found in average tremor amplitudes between the groups, but statistically significant abnormalities in tremor frequency distribution existed. Tremor power spectra in the group of mercury workers were shifted toward the higher frequencies and compressed into narrow frequency peaks. These results suggest that measurements of finger tremor that evaluate the frequency distribution can produce a higher diagnostic yield than traditional visual We used a measurement system specifically designed to be sensitive to subtle amplitude and frequency features by being sufficiently lightweight and pliable to accurately track fine vertical movement oscillations. Subjects were positioned so that tremor was measured from the isolated index finger of the supported hand, a low mass limb segment less likely to damp oscillations, and with less intersubject anthropometric variability in size, weight, and elasticity than the extended hand, forearm, or entire upper extremity.8 19 The natural resonant frequency of the index finger has been determined to be around 25 Hz, well outside the range of the neuromuscular frequencies of interest in tremor measurement (4-16 Hz).20
asymptomatic mercury workers with normal clinical neurological examinations have detected deficits in memory and vigilance," emotional function,9' tactile sensation at extremities,89 and in psychomotor co-ordination.' 277101 Also, some studies of asymptomatic workers have reported on physiological tremor, an objective, involuntary end point of motor control.""'6 Some of these studies examined the frequency spectrum of limb micromovements and identified distinctive changes in upper extremity tremor including peaks and upward shifting in the power distribution.'0 " Frequency analysis of finger force tremor is gaining scientific attention as a promising indicator of overall motor unit activity that can provide insight into the two neural mechanisms that control production of muscle forcenamely, recruitment and modulation of firing rate. This information is useful for pathophysiological and diagnostic purposes, and is not available with current electromyographic or microneurographic techniques. 7 We used a measurement system specifically designed to be sensitive to subtle amplitude and frequency features by being sufficiently lightweight and pliable to accurately track fine vertical movement oscillations. Subjects were positioned so that tremor was measured from the isolated index finger of the supported hand, a low mass limb segment less likely to damp oscillations, and with less intersubject anthropometric variability in size, weight, and elasticity than the extended hand, forearm, or entire upper extremity.8 19 The natural resonant frequency of the index finger has been determined to be around 25 Hz, well outside the range of the neuromuscular frequencies of interest in tremor measurement (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) Hz). 20 We evaluated finger tremor associated with precision movement in a group of 18 asymptomatic mercury workers and age matched controls. All the mercury workers received a special medical examination specifically designed to search for signs and symptoms of mercury toxicity. Urine samples of workers were also evaluated for mercury content. The purpose of the investigation was to compare the sensitivity and specificity of tremor measurement to conventional clinical examination procedures. We were also interested in determining whether certain features of tremor frequency were shared by the mercury workers and how they were related to indicators of exposure.
Methods

SUBJECTS
The 18 study subjects were employed by one firm and worked in one of three plants producing cylindrical, alkaline magnesium batteries and button type mercury battery cells. Their mean age was 33-3 (SD 12-6, range 20-57 years). Fourteen were men and four were women. The mean duration of exposure was 5 3 years (SD 7-5, range . Half the group had worked for two years or less. Three subjects were newly hired and had been exposed for less than six months. All the employees were exposed to elemental mercury and inorganic mercury compounds that were amalgamated with zinc and used to prevent corrosion in both types of battery products. All clinical examinations and tremor assessments took place during weeks in which workers experienced actual, ongoing exposures. The exposed group was drawn from a number of different job classifications and all spent time on the production line.
The control group comprised 18 healthy, unexposed subjects selected by age from a larger group of 27 normal people who underwent tremor assessment. Their mean age was 36-6 (SD 1 1-4, range 19-51 years). Six were men and 12 were women. The mean educational level of the controls (13-2 years) was somewhat higher than that of the mercury workers (12 6) . There is no evidence to suggest that physiological finger tremor is influenced by sex or educational attainment. The study protocol was approved by the university human subjects committee, and subjects gave informed consent.
SCREENING QUESTIONNAIRE
Exposed and control subjects were carefully screened with a specially designed questionnaire and a guided health history interview that searched for signs of mercury toxicity. Each Tremor testing was carried out in a controlled humidity and temperature setting. It took place with subjects seated comfortably in a chair with their dominant arm resting on a table surface located slightly below elbow height. Subjects assumed a closed fist, pronated arm pose with the index finger extended. The subject's arm, wrist, and hand were firmly supported so that movement about the metacarpophalangeal joint of the index finger was isolated (fig 1) . This protocol for measurement of finger Examination of 13 of the 18 finger tremor frequency distributions in mercury workers showed a visually detectable peak and general upward shift in the distribution of spectral power relative to the records from controls. These abnormalities varied, however, greatly in magnitude and position on the frequency scale for each mercury worker. Figure 2 gives a side by side comparison of tremor from two mercury workers and age matched controls. Panel A depicts an unexposed control, and a mercuryexposed worker, who was employed as a cell analysis technician with a total work career of 21 months. In the battery worker, amplitude was normal but the tremor frequency distribution was abnormally shifted into the 10-15 Hz range. Panel B depicts the results for an unexposed control and exposed battery worker employed as a quality control engineer with a total work career of 10 years. This mercury worker had a higher than normal amplitude during measurement of finger tremor that was not evident visually during clinical examination. An upward shift in the distribution of tremor spectral power was also evident in the mercury worker, but into the 5-9 Hz range. Seven other exposed employees had detectable peaks in the 5-9 Hz range and four others had peaks in the 10-15 Hz range. Figure 3 shows distributions ofgroup mean tremor frequency for the mercury workers and the controls. The group average percentages of total power were not significantly different at any of the 11 1 Hz frequency bands. The table shows Mann-Whitney test comparisons of group means for derived tremor parameters. Frequency differences in total power and highest band power occurred, but no differences in amplitude were found. A discriminant analysis generated by the Wilk's lambda method explained 50% of the variance in the selected values for tremor Normal subjects| Examinations of scatterplots and correlation coefficients failed to disclose any clear relation between urine mercury concentrations or exposure types or durations and the magnitude of tremor parameter differences within the group of mercury workers.
Discussion
Exposures to mercury were associated with abnormal features in measurements of tremor compared with an age matched control group. The mercury exposed group, however, did not exhibit symptoms or clinical signs during a focused clinical examination. Significant differences were present in parameters derived from group average tremor frequency spectra but not in amplitude. A multivariate discriminant function analysis was able to successfully classify 720,, of the asymptomatic mercury workers on the basis of their tremor measurements and misclassified only one control.
Distributions in tremor energy were compressed into peaks in 13 of 18 exposed workers and shifted toward the upper bounds of the spectrum for finger tremor. Increased power and upward shifting have been consistently observed in previous measurements of mercury tremor, although the research protocols differed between laboratories with regard to exposures, body segment recorded from, limb positioning, limb loading and transduction, and analytical methods.'0 14 16 2425 Such upward shifting of tremor energy has also been observed in myopathies and certain types of peripheral neuropathy. '627 In some of the previous work on low level exposure to mercury, simple amplitude measures were significantly increased above normal. " 1324 We did not observe significant group mean amplitude differences in these workers manufacturing batteries, perhaps in part due to the low mercury concentrations in urine relative to other studies, and the lack of any manifest symptoms in the present group. Significant differences in tremor frequency were present in the mercury workers evaluated here despite a smaller group size (n = 18) and a lower average mercury concentration in urine (23 jg/l) than in other studies detecting tremor differences.'o 11 25 28 Single 24 hour concentrations of mercury in urine were within the range considered normal for unexposed persons in eight of the 18 clinically asymptomatic workers we studied.
Neither 36 Two studies on mercury workers have suggested that different people encountering similar exposures, as indicated by the traditional exposure measures of air concentrations and durations of exposure, may show great variability in both actual absorption of mercury and in changes in health.""3 Prospective studies that pretested potential employees and then monitored changes over time have shown that young mercury workers with relatively short, low exposure work histories can manifest the greatest body fluid concentrations and changes in health.338 To explain these findings, researchers have hypothesised that effects of mercury toxicity may develop earlier than previously thought, and that differential susceptibility and selection may operate even during initial months of employment, forcing severely affected, often younger people, to leave the work.38 One conclusion from this research is that direct measurement of health outcomes such as tremor may provide a better indicator for preventing adverse exposures to mercury than either clinical examinations or monitoring concentrations of mercury in urine, blood, or workplace air.
It is not clear whether the tremor differences we found that were associated with exposures to mercury can persist or are likely to deteriorate with continued ageing or continued exposure, or both. In two reports, detectable changes in tremor parameters induced by mercury at subclinical exposure concentrations appeared to be entirely reversible after reductions in mercury body burdens in the study groups."'' Other reports on occupational mercury intoxications have, however, observed more permanent alterations.'5 4 A recent follow up study of mercury refinery workers performed 10 years after overt intoxications noted that pronounced finger tremor remained visually apparent in 31 out of 70 subjects. In the affected refinery workers, tremor persisted even in employees who had been removed from exposure for many years and despite the fact that all other sequelae, including ataxia, incoordination, dizziness, insomnia, and fatigue, were long resolved. 39 We have in preparation a case report on a battery worker with severe poisoning (requiring a stay in hospital of nine months) that also provides evidence that mercury induced tremor can persist. At discharge, our patient's mercury body burden indices were reduced and other neurological abnormalities were long resolved, with the exception of visually noticeable tremor.
The present findings of changes in tremor in an otherwise healthy mercury exposed occupational group suggest that measurement of tremor may provide a more sensitive means of detecting responses to mercury exposure than current methods that use clinical examination. Even when finger tremor appears to be visibly normal to the affected subjects and to observers, abnormalities of frequency can be present. With further research to substantiate the present results and determine the time course of changes in carefully monitored exposed groups 
